The frequency tuning of a system can be directly determined by perturbing it and by observing the rate of the ensuing oscillations, the so called natural frequency. This approach is used, for example, in physics, in geology, and also when one tunes a musical instrument. In the present study, we employ transcranial magnetic stimulation (TMS) to directly perturb a set of selected corticothalamic modules (Brodmann areas 19, 7, and 6) and high-density electroencephalogram to measure their natural frequency. TMS consistently evoked dominant ␣-band oscillations (8 -12 Hz) in the occipital cortex, ␤-band oscillations (13-20 Hz) in the parietal cortex, and fast ␤/␥-band oscillations (21-50 Hz) in the frontal cortex. Each cortical area tended to preserve its own natural frequency also when indirectly engaged by TMS through brain connections and when stimulated at different intensities, indicating that the observed oscillations reflect local physiological mechanisms. These findings were reproducible across individuals and represent the first direct characterization of the coarse electrophysiological properties of three associative areas of the human cerebral cortex. Most importantly, they indicate that, in healthy subjects, each corticothalamic module is normally tuned to oscillate at a characteristic rate. The natural frequency can be directly measured in virtually any area of the cerebral cortex and may represent a straightforward and flexible way to probe the state of human thalamocortical circuits at the patient's bedside.
Introduction
The spontaneous waking electroencephalogram (EEG) suggests that different regions of the human brain tend to engage in electrical oscillations at different frequencies (Niedermeyer, 1999) . For example, when a subject lays eyes closed in a state of relaxation, occipital areas typically oscillate at a frequency of ϳ10 Hz (␣ rhythm), whereas sensory-motor cortex often displays faster rhythms, at ϳ20 Hz (␤ rhythm). Yet, spontaneous EEG rhythms are rather variable, and their topography can change radically in the space of a second if the subject, for instance, opens his eyes or plans a simple movement. Hence, it is difficult to tell, from the spontaneous EEG alone, whether different cortical circuits are intrinsically tuned to generate oscillations at any particular frequency.
A more reliable estimate of the frequency tuning of some cortical areas can be obtained by measuring steady-state-evoked responses. In this case, visual flashes, or auditory tones, are presented at different rates, and the stimulation frequency that results in the largest EEG or magnetoencephalography output, the resonance frequency, is detected. This standardized approach yielded consistent results and demonstrated the existence of clear-cut resonance frequencies in specific parts of the human corticothalamic system, ϳ10 Hz (Narici and Romani, 1989; Regan, 1989; Silberstein, 1995; Rager and Singer, 1998; Herrmann, 2001 ) in visual cortex and ϳ40 Hz in auditory cortex (Galambos et al., 1981; Pastor et al., 2002) . However, steady-state responses, as other responses evoked by the stimulation of peripheral receptors, can only probe a limited set of primary sensory cortices. Moreover, they assess the tuning of corticothalamic circuits only indirectly, since they can be significantly affected by the bandwidth of peripheral receptors (Abraham and Alpern, 1984) by sensory gating (Emerson et al., 1988) , attention levels (Hillyard et al., 1997) , and stimulus perception (Tononi et al., 1998; Cosmelli et al., 2004) .
In principle, a straightforward way of probing the frequency tuning of a system is to directly perturb it to detect the main rate of the ensuing oscillations, the so called natural frequency. This approach is commonly used in physics and geology but also when one tunes a musical instrument or, instinctively, knocks on the surface of an object to appreciate its internal structure. Indeed, measuring the natural frequency may reveal important information about the structure, the properties, and the state of the system under study. In this work, we used transcranial magnetic stimulation (TMS) to perturb directly different regions of the human corticothalamic system (area 19, area 7, and area 6) and high-density EEG (hd-EEG) to measure their natural frequency.
Materials and Methods
Subjects. Seven right-handed subjects (four females, age 23-37) participated in this study. The experimental procedures were approved by the local ethical committee of the Hospital Luigi Sacco, Università degli Studi di Milano. All participants gave written informed consent and underwent a neurological screening to prevent potential adverse effects of TMS. Each subject was invited for three separate experiments. During each experiment, we targeted one of three cortical sites (occipital, parietal, and frontal), and we performed several (6 -8) TMS/hd-EEG sessions at different stimulation intensities. During a single TMS/hd-EEG session, we collected 100 -200 trials. Data from one subject were excluded, because of a low signal-to-noise ratio of TMS/EEG-evoked responses. In total, 150 TMS/hd-EEG sessions were performed, 120 of which were used for this study.
Brain-navigated TMS.
A focal bipulse, figure-of-eight coil with 60 mm wing diameter driven by a biphasic stimulator (eXimia TMS Stimulator; Nexstim) was used to stimulate the subjects' cortex. Three cortical sites (middle or superior occipital gyrus, superior parietal gyrus, and middle or caudal portion of the superior frontal gyrus) were selected based on an atlas of brain regional anatomy (Tamraz and Comair, 2000) , anatomically identified on a T1-weighted individual MRI (resolution 1 mm) acquired with a 1 T Philips scanner and were targeted by means of a Navigated Brain Stimulation (NBS) system (Nexstim). The NBS is able to locate (error Ͻ3 mm) the relative positions of the subject's head and the TMS coil by means of an optical-tracking system. The NBS takes into account the individual's head shape, the coil position, and scalp-tocortex distance to calculate the electric field induced by TMS on the cortical surface. During the experiments, we adjusted TMS intensity according to the maximum electric field intensity (expressed in volts per meter) estimated on the cortical surface, rather than relying on individual motor threshold or on the percentage of maximum stimulator output. This procedure ensured that all cortical areas, in all subjects, were stimulated at comparable intensities, despite large differences in scalpto-cortex distance and anatomy. To further standardize stimulation parameters, the maximum electric field was always kept on the convexity of the gyrus with the induced current perpendicular to its main axis. Each cortical area was stimulated at 20 -40-60 -80-100 -120-140 -160 V/m. The coordinates of the stimulator were input to a virtual aiming device of the navigation software and used during the experiment to ensure stability of the position, angle, direction, and intensity of the stimulation. At the end of each experimental session, EEG sensor positions were digitized by means of a pen visible to the optical-tracking system and stored in the navigation computer.
High-density EEG recordings during TMS. We recorded TMS-evoked potentials using a TMS-compatible 60-channel amplifier (Nexstim) which gates the TMS artifact and prevents saturation by means of a proprietary sample-and-hold circuit (Virtanen et al., 1999) . The impedance at all electrodes was kept Ͻ5 k⍀. The EEG signals, referenced to an additional electrode on the forehead, were filtered (0.1-500 Hz) and sampled at 1450 Hz with 16-bit resolution. Two extra sensors were used to record the electrooculogram. In most cases, no TMS-induced magnetic artifacts were detected, and in all cases, the EEG signals were artifact-free starting from 8 ms after stimulus. To avoid contamination of TMS-evoked potential by auditory potentials evoked by the click associated with the TMS discharge, subjects were wearing inserted earplugs continuously playing a masking noise capturing the specific time-varying frequency components of the TMS click. Bone conduction was attenuated by placing a thin layer of foam between coil and scalp. These procedures have been previously shown to effectively abolish the auditory potentials evoked by the TMS-associated clicks (Massimini et al., 2005 (Massimini et al., , 2007 Ferrarelli et al., 2008) . Other possible sources of artifacts or extracranial sources were controlled and excluded during off-line analysis (see supplemental Appendix B, available at www.jneurosci.org as supplemental material; Figs. 2-4) .
General experimental procedures. During the experiment, subjects were lying on an ergonomic chair, relaxed, and with eyes open looking at a fixation point on a screen. A headrest ensured a comfortable and stable head position. Once the selected cortical site was targeted, we stimulated it at different intensities. For each intensity, we delivered between 100 and 200 stimuli at a frequency jittering between 0.4 -0.5 Hz (period, 2000 plus a jitter Յ300 ms). All stimulation parameters were set according to international safety guidelines (Wassermann, 1998) .
Data analysis and statistics. Data analysis was performed using Matlab R2006a (The MathWorks). TMS trials containing noise, muscle activity, or eye movements were automatically detected and rejected. EEG data were average referenced, down sampled at half of the original sampling rate (725 Hz), and bandpass filtered (2-80 Hz). Source modeling was performed by applying an "empirical" Bayesian approach to single trials (for more details, see supplemental Appendix B, available at www.
jneurosci.org as supplemental material).
To analyze the responses in the time-frequency domain, both at the sensor and at the source level, we calculated the event-related spectral perturbation (ERSP) based on Morlet wavelets. The procedure was implemented using the public license toolbox EEGLAB (Delorme and Makeig, 2004 ) (for more details about ERSP calculation, see supplemental Appendix B, available at www.jneurosci.org as supplemental material). The global ERSP (gERSP) was computed by averaging the ERSPs of all channels in a given session. To minimize the effect of possible artifacts occurring at the time of stimulation, the natural frequency was calculated by averaging the ERSP values in a time window between 20 and 200 ms.
Results
Three different cortical areas (Brodmann areas 19, 7, and 6) were targeted by TMS during three separated experiments in six healthy subjects. Using the MRI-guided navigation system, we stimulated each cortical area at eight different intensities (range, 20 -160 V/m). EEG responses were recorded by means of a TMScompatible 60-channel amplifier. Figure 1 shows the EEG responses recorded in one subject from all sensors after stimulation of area 19, area 7, and area 6 (the stimulation hot-spot is marked by a red dot on the individual MRI) are displayed. In this example, TMS was delivered at an electric field intensity of 120 V/m on the cortical surface, a stimulation level that is known to be above motor threshold (Epstein et al., 1990; Thielscher and Kammer, 2002) . Superimposing the averaged TMS-evoked potentials recorded from all channels in a butterfly plot revealed that the brain electrical response to TMS varied markedly depending on the site of stimulation: TMS of area 19 resulted, during the first 200 ms, in a low-frequency, large response; stimulation of area 7 elicited faster and smaller components; stimulation of area six evoked the fastest EEG oscillations. To detect the frequency of the oscillations induced by TMS at different cortical sites, we calculated the ERSP. The ERSP decomposes the EEG response recorded from each sensor in the timefrequency space and allows tracking the significant spectral modulations induced by TMS during the poststimulus time (see Materials and Methods; supplemental Appendix C, available at www.jneurosci.org as supplemental material). As a first step, to study the main frequency of the overall brain response to TMS, we averaged, for each condition, the ERSPs matrices across all channels, thus obtaining a gERSP. The bottom panels of Figure 1 display the resulting plots for the three stimulation sites. In all cases, TMS resulted in a significant early (8 -20 ms) activation in the ␤2/␥-bands (21-50 Hz). After this short-lasting stereotypical event, the frequency content of the global brain response to TMS varied markedly, depending on the stimulated area: dominant oscillations in the ␣ range (8 -12 Hz) were detected when area 19 was stimulated, in the ␤1 range (13-20 Hz) when area 7 was stimulated, and in the ␤2/␥ range (21-50 Hz) when area 6 was stimulated. The same results were obtained whether subjects were instructed to keep their eyes open or closed (see supplemental Appendix A, available at www.jneurosci.org as supplemental material; Fig. 1 ). To extract the natural frequency of the brain's response in each condition, we averaged the gERSP over the first 200 ms after stimulus, and we detected, on the resulting spectral profiles (black trace on the right of each panel), the frequency with maximum power (indicated by a dotted line). Across all subjects, at the intensity of 120 V/m, the natural frequency of the global scalp response to stimulation of area 19, area 7, and area 6 was 11 Ϯ 1.5 Hz, 18.3 Ϯ 2.0 Hz, and 29 Ϯ 2.0, respectively (for individual values, see supplemental Table 1 , available at www. jneurosci.org as supplemental material). Thus, TMS induced widespread scalp EEG oscillations with a dominant frequency that was characteristic for the stimulated site.
The main frequency of TMS-evoked EEG oscillations depends on the site of stimulation

The natural frequency reflects local properties of corticothalamic circuits
As a next step, we wanted to minimize volume conduction effects to explore TMS-evoked oscillations on a finer spatial scale. To this aim, we performed source modeling of TMS-evoked potentials. We modeled individual cortical surfaces with a mesh of 7004 fixed dipoles, and we estimated local cortical currents using a Bayesian approach (see Materials and Methods). After automatic classification of the individual's cortical surface, each dipole was assigned to 1 of 47 Brodmann's areas, and time series of local TMS-evoked activation were obtained by cumulating the dipole activities recorded in each cortical area (see Materials and Methods). At this point, the same time-frequency decomposition analysis performed at the global sensors level was also performed at the local source level. Figure 2 shows the time series of the local current and the ERSP plots recorded from all three cortical areas of interest (area 19, area 7, and area 6) when TMS was directly applied to each of them. The large oscillations expressed locally by each cortical area when directly stimulated (Fig. 2 , see the ERSP plots marked by the TMS icons) matched the dominant frequency recorded globally at the scalp level (Fig. 1) . On the other hand, even when not directly stimulated, each cortical area still tended to oscillate at a rate closer to its own natural frequency. Across all subjects, when area 19 was stimulated, area 19 responded at 10.8 Hz, area 7 at 20 Hz, and area 6 at 31.3 Hz; when area 7 was stimulated, area 19 responded at 13.5 Hz, area 7 at 18.6 Hz, and area 6 at 27.3 Hz; when area 6 was stimulated, area 19 responded at 10.6 Hz, area 7 at 19 Hz, and area 6 at 29 Hz (for SDs and ranges, see Table 1; for individual values, see supplemental  Table 2 , available at www.jneurosci.org as supplemental material). Hence, each area, whether directly activated by TMS or engaged through long-range connections, expressed local oscillations at a rate closer to its own natural frequency.
The local natural frequency is preserved across a wide range of stimulation intensities
The characteristics of the EEG response to TMS may depend on the intensity of stimulation (Komssi et al., 2004; Kähkönen et al., 2005a) , and different corticothalamic modules may have different thresholds and reactivity to TMS (Kähkönen et al., 2005b) . Thus, the site-specificity of the natural frequency may be an intensity-dependent phenomenon and may be lost at high stimulation intensities. To exclude this possibility, we stimulated each cortical site at several increasing intensities, from subthreshold level to saturation of the averaged EEG response. For each cortical area, we then calculated the input/output curves of the TMSinduced ERSP in four EEG frequency bands (␣, (8) (9) (10) (11) (12) ␤1, (13) (14) (15) (16) (17) (18) (19) (20) ␤2, (21) (22) (23) (24) (25) (26) (27) (28) (29) and ␥, . Figure 3 shows the three-dimensional (time, power, intensity) plots obtained for each frequency band in each stimulated area. TMS intensities Ͻ40 V/m did not result in any significant power modulation in any of the four EEG bands. Intensities of stimulation between 60 and 120 V/m evoked progressively larger responses in all four frequency bands. At this level, the responses of the three corticothalamic modules clearly differed, displaying higher ␣-band power after stimulation of area 19, higher ␤1-band power after stimulation of area 7, and higher ␤2/␥-band power after stimulation of area 6. These differences further increased at stimulation intensities (140 -160 V/m) that produced saturation of the TMSevoked potentials. Hence, the site-specificity of the natural frequencies is not attributable to local differences in the ability of TMS to excite cortical neurons. Figure 4 A shows the evoked responses recorded from a sensor under the coil in all subjects at all intensities (superimposed traces). The black thinner traces represent the TMS-evoked responses obtained by stimulating at the maximal intensity (160 V/m). In all subjects, provided that TMS intensity was above the threshold for triggering a significant EEG response, the average waveform differed according to the site of stimulation. Occipital stimulation triggered high-amplitude, lower-frequency components, whereas stimulating more rostral sites elicited smaller waves separated by shorter intervals. TMS at 160 V/m of area 19 elicited larger responses (first deflection in PO3, 48.4 Ϯ 12.8 V) than an equivalent stimulation of area 7 and 6 (respectively, CP1: 13.8 Ϯ 5.21 and FC1: 18.8 Ϯ 10.7) (Wilcoxon rank test, p Ͻ 0.01). The traces below represent butterfly plots, where the black trace highlights the electrode directly underlying the stimulator. The bottom panels show the ERSP patterns calculated globally on the scalp (average of all electrodes). The gray scale graph plotted at the right of each ERSP depicts the power spectrum profile induced during the first 200 ms after TMS. The dotted lines highlight the frequency with maximum power, the natural frequency. TMS elicited early ␥ components immediately followed by prominent ␣-band oscillations after occipital stimulation, ␤-band oscillations after parietal stimulation, and fast ␤/␥ oscillations after perturbation of frontal cortex.
Corticothalamic natural frequencies are reproducible across subjects
The grand averages (thick traces at the bottom) calculated across all subjects (TMS at 160 V/m) highlight the reproducibility of the site-specificity of the waveforms. Figure 4 B shows the natural frequency calculated at the global sensor level in all subjects after stimulation of area 19, area 7, and area 6 at 160 V/m. In all cases, the natural frequency progressively increases from ␣, to ␤, and ␥ when the three sites are plotted in the caudal-rostral order. Thus, in healthy and awake subjects, each cortical area is normally tuned to oscillate at a preferred rate.
Discussion
The electrical oscillations evoked in the human brain by the direct stimulation of different cortical sites have never been studied and compared so far. Although we know that stimulating peripheral receptors of different sensory systems results in evoked potentials with specific latencies, waveforms, and spectral components (Niedermeyer, 1999) , it is difficult to predict what would happen in the case of direct cortical perturbations. For instance, one might expect that the basic electrophysiological properties of the cerebral cortex are isotropic and that stimulating the cortex at different sites may result in the same stereotypical response. Our analysis at the EEG sensor level clearly indicated that, at least in the brain of healthy and awake subjects, this is not the case. Following an early (0 -20 ms) stereotypical sharp component, TMS consistently evoked dominant ␣-band oscillations after stimulation of the occipital cortex (area 19), ␤-band oscillations after stimulation of the parietal cortex (area 7), and fast ␤/␥-band oscillations after stimulation of the frontal cortex (area 6). This phenomenon originated intracranially (see supplemental Appendix B, available at www.jneurosci. org as supplemental material; Figs. 2-4) and was immediately evident when the global TMS-evoked potential, recorded from all electrodes, was considered (Fig. 1) . As subsequently revealed by sourcemodeling analysis, the dominant frequency recorded globally over the scalp mainly reflected the frequency of the oscillations generated by TMS in the stimulated area (Fig. 2) . These sources, directly activated by TMS, generated strong currents that dominated, possibly because of volume conduction, the global EEG response recorded at the sensors' level.
TMS is known to evoke electrical activations not only at the stimulated site (Paus et al., 2001 ) but also in distant cortical regions (Ilmoniemi et al., 1997; Massimini et al., 2005) . Hence, we asked what kind of activity is triggered by TMS in cortical areas that are not directly stimulated. Are distant, but connected, cortical circuits fully entrained by the strong oscillations triggered in the stimulated area, or do they tend to oscillate around their own preferred frequency? Reducing the effect of volume conduction with source modeling revealed that distant areas, when significantly activated, responded with oscillations closer to their own natural frequency (see supplemental Table 2 , available at www. jneurosci.org as supplemental material). The ability of distant, yet connected, cortical oscillators to interact by using different frequencies has been suggested already (Friston, 1997; von Stein et al., 2000) ; this idea is corroborated by our experiments. Indeed, the same TMS pulse set in motion different connected oscillators, generating a complex EEG response composed of strong fluctuations at the natural frequency of the stimulated area and by weaker fluctuations at around the natural frequency of distant regions. More importantly, this particular finding indicates that the observed oscillations are not the para-physiological effect of nonecological magnetic brain activation but rather physiological events that can be engaged through brain connections. As recently demonstrated, during non-rapid eye movement sleep, the electrical oscillations evoked by TMS become slower and more stereotypical (Massimini et al., 2005 (Massimini et al., , 2007 . Hence, it will be interesting to test whether the site-specificity of the natural fre- Figure 2 . The natural frequency is a local property of individual corticothalamic modules. The colored patches on the cortical surface mark the areas from which cortical currents are recorded after source modeling. Below, time series and ERSP plots of local cortical currents are displayed for area 6 (first row, blue traces), area 7 (second row, green traces), and area 19 (third row, red traces), when area 19 is stimulated (first column), area 7 is stimulated (second column) and area 6 is stimulated (third column). The dotted lines highlight the peak frequency for each plot. Comparing the plots on the diagonal line marked by TMS icon reveals that each cortical area responds with a distinctive natural frequency when directly stimulated. Comparing the plots on the horizontal and on the vertical lines reveals that the natural frequency is a local property that is partially preserved also when its cortical generator is not directly stimulated.
quency is preserved in states where brain function is globally altered, such as during sleep, anesthesia, and in patients with disorders of consciousness.
An important parameter that may potentially bias the frequency of the EEG response to TMS is the strength of the applied stimulus. We used an MRI-guided navigation system to ensure that the strength of the electric field induced by TMS in different areas was always comparable. Moreover, to exclude an effect of local activation thresholds in determining the observed sitespecificity of the response's frequency, we probed each site at several different intensities, from subthreshold levels to nearsaturation levels. As shown in Figure 3 , across this entire range, we detected higher power in the ␣-band in the occipital cortex, in the ␤-band in the parietal cortex, and the fast ␤/␥-band in the frontal cortex. Thus, the specific frequency of the response did not depend on stimulation intensity, or activation threshold, but most likely depended on a number of endogenous properties of the activated circuit.
TMS stimulates patches of cortex of few square centimeters, and EEG source modeling has a spatial resolution of the same order. Thus, the natural frequencies defined with TMS/hd-EEG do not necessarily concern the fine grain physiological behavior of single neurons or minicolumns. Indeed, the electrical rhythms triggered by TMS are more likely to reflect overall circuit properties at the level of whole cortical areas and connected thalamic/ subcortical nuclei. For instance, a recent study has linked ␣ oscillations to the presence of a subpopulation of electrically coupled neurons localized in the lateral geniculate nucleus which fire bursts of action potentials in the ␣ range when activated by a cortical glutamatergic input (Hughes et al., 2004) . This mechanism, involving a whole corticothalamic module, may explain why TMS of visual cortex readily triggers ␣ oscillations, whereas TMS of frontal cortex fails to do so. Similarly, a role of the thalamus can be postulated in the genesis of faster oscillations (Llinás et al., 2007) . Interestingly, TMS/EEG experiments performed in patients with lesions in the ventrolateral thalamus have demonstrated a significant decrease of ␤-band oscillations after TMS of the ipsi-lesional motor cortex (Van Der Werf et al., 2006) .
The correlation between different EEG rhythms and the activity in different regions of the human brain has been known for long time. Almost a century ago, Adrian and Matthews (1934) reported that prominent EEG oscillations in the ␣-band were observable at occipital sites. Subsequently, topographic differences of EEG rhythms have been further explored by means of source modeling (Michel et al., 1992; Gó mez et al., 2006; Tinguely et al., 2006; Gó mez-Herrero et al., 2008) . More recently, combined EEG-functional MRI (fMRI) recordings performed in the resting condition detected a stronger correlation between ␣ rhythm and occipital cortical activity (Laufs et al., 2003; Feige et al., 2005; Mantini et al., 2007) and between ␤ rhythm and parietal cortex activity (Laufs et al., 2003) . A more recent EEG-fMRI study, using independent component analysis, also suggested a significant association between frontal cortex activity and ␥ rhythm (Mantini et al., 2007) . However, observing the ongoing EEG, although suggestive, is not enough to causally link individual cortical areas to specific rhythms. Spontaneous EEG activity, even in standardized conditions, is difficult to control and is not stable over time. At any given moment, some areas may be silent, some other may be passively driven by other structures, and some may be engaged in specific patterns of activity depending on sensory inputs or cognitive state. In principle, the only way to know what a given cortical circuit can do, by virtue of its intrinsic properties and connections, is to directly and selectively activate it and measure its output. In this perspective, the approach used in the present study offers a promising tool to disentangle and study the local mechanisms that underlie the generation of compound EEG oscillations in humans. Thus, using controlled perturbations to identify the local frequency tuning of selected regions of the corticothalamic system, and detecting their interactions at the whole-brain level, represents an effective way to understand how brain rhythms arise and coalesce.
Moreover, detecting the natural frequency with TMS/hd-EEG may have diagnostic potential and clinical applications. Alterations in the membrane properties of subsets of cortical and subcortical (especially thalamic) neurons, as well as alterations in their patterns of connectivity, underlie most neurological and psychiatric conditions and may result in distinctive and detectable changes in their oscillatory properties (Soininen et al., 1992; Llinás et al., 1999 Llinás et al., , 2007 Jeong, 2004; Hughes and Crunelli, 2005) . These alterations may be diffuse or local; thus, it will be important to map the natural frequency of different cortical areas in different neuropsychiatric conditions, such as depression, epilepsy, and disorders of consciousness. In a recent study, for example, we have demonstrated that the frontal cortex of schizophrenia patients, at difference with the one of healthy controls, fails to respond to TMS with prominent ␤/␥ EEG oscillations (Ferrarelli et al., 2008) . Figure 4 summarizes the results obtained when measuring the natural frequency of area 19, area 7, and area 6 in six healthy subjects. These measurements represent the first direct exploration of the intrinsic electrophysiological properties of three associative areas of the human cerebral cortex. In addition, they provide a preliminary definition of normative values and clearly indicate that, in healthy and awake subjects, each one of the stimulated cortical areas is normally tuned to oscillate at a preferred rate. If the natural frequency reflects relevant physiological properties, TMS-evoked potentials may radically extend the window opened by peripherally evoked potentials. Indeed, whereas the latter are confined to the examination of sensory pathways and cortices, TMS/hd-EEG by-passes sensory, motor pathways, and subcortical structures. In this way, TMS-evoked potentials can access any cortical area (primary and associative), in any category of patients (including deafferented and locked-in subjects) and may offer a straightforward and flexible way to detect and monitor the state of corticothalamic circuits at the patient's bedside. The specificity of the natural frequency is reproducible across subjects. A, The traces represent TMS responses for each subject (n ϭ 6) evoked by 6 -8 intensities of stimulation, recorded from one electrode underlying the stimulator. The black trace highlights the response obtained at maximal stimulation intensity (160 V/m). The thicker black traces at the bottom represent the grand averages calculated from all six subjects. B, The frequencies with maximum power, obtained by stimulating each cortical area at the maximal intensity, are plotted for each subject. A clear posterior-anterior gradient of increasing frequencies is observable.
